Sequence variation of the internal transcribed sequence 2 (ITS2) region of nuclear ribosomal DNA (nrDNA) was investigated in 10 North American populations of Hylocomium splendens . Cladistic analyses supported the monophyly of this moss species, rooted at Hylocomiastrum and Neodolichomitra . Three geographically based groups (Great Lakes Forest, Appalachian Mountains, and Pacific Northwest) were identified by a minimum spanning network. Significant genetic differentiation was detected ( F ST = 0.197 -0.390) among three geographical regions in North America. Although high genetic divergence exists within H. splendens , these results do not suggest sufficient divergence for designating sibling species.
Introduction
Phylogeny estimation has been a central theme of macroand microevolutionary studies ever since cladistic and nucleotide sequencing techniques became available (Castelloe & Templeton 1994) . During the last decade, most research has focused on phylogeny above the species level using various molecular markers of nuclear as well as organelle genomes (Avise 1994) . Recently, increasing numbers of evolutionary biologists have turned their attention to the subspecies level (e.g. Kooistra et al . 1992; Vogler & DeSalle 1994) . Gene trees provide powerful data to investigate population-level phenomena such as gene flow, founder events and the history of lineages (cf. Castelloe & Templeton 1994) .
Internal transcribed spacers of nuclear ribosomal DNA (nrDNA) have been widely used for resolving phylogenetic relationships among closely related species of angiosperms (Baldwin et al . 1995) . Little to no variation within species is reported in many cases (cf. Baldwin et al . 1995) , although high variation of ITS among populations has been documented in a few organisms (O'Donnell 1992; Baldwin 1993) . Vogler & DeSalle (1994) showed that the variation between sequences of ITS1 could separate distant populations of tiger beetles. In many species, ITS regions of nrDNA have frequent insertions/deletions which can be phylogenetically informative. For example, populations of malaria mosquitoes in Colombia and Venezuela are distinguished from populations of other areas by indels in the ITS2 region (Fritz et al . 1994) .
Here, we examine an ancient species of mosses, Hylocomium splendens Hedw., a conspicuous moss with a tower-like habit and deer-horn (branched) paraphyllia (Noguchi 1972; Rohrer 1985) , to detect the mode of molecular divergence and evolution of the nrDNA ITS2 region. The earliest fossil records of this monotypic genus are found in Poland and Russia and can be traced back to the Miocene (Miller 1984) . Since then, H. splendens has undergone little morphological evolution; no significant differences in morphological characters between fossils and extant plants of H. splendens can be identified (cf. Delcourt & Delcourt 1991) .
Morphological characters of mosses may be highly conservative due to natural selection as well as developmental constraints. However, molecular evolution may have followed a different course during the long evolutionary history of Hylocomium . Genetic variation, especially in noncoding DNA sequences, may have accumulated within lineages. If molecular evolution is more rapid than morphological evolution, cryptic species could evolve and the monophyly of all populations within a species would be invalidated. Cryptic species have been discovered in the liverwort, Conocephalum conicum , based on extensive isozyme data (Kim et al . 1996) .
The purpose of this investigation is: (i) to reconstruct the phylogeny of North American populations of Hylocomium splendens to determine whether geographical differentiation occurs among regions; (ii) to test the hypothesis of a molecular clock within Hylocomium ; and (iii) to test the hypothesis of cryptic species.
Materials and methods

Plant materials
Four populations of Hylocomium splendens from the Appalachian Mountains of the United States and three populations in the Pacific Northwest of America were collected (Table 1) . Specimens were air-dried. Three herbarium specimens from the Missouri Botanical Garden (MO) herbarium, collected in Pennsylvania, Michigan, and Newfoundland, were also sampled. Hylocomiastrum pyrenaicum and Neodolichomitra yunnanensis were chosen as outgroups based on a previous systematic study (Chiang 1994) . Voucher specimens were deposited in the Missouri Botanical Garden (MO).
DNA extraction and sequencing
Leaf tissue from single individuals was frozen in liquid nitrogen and ground in Eppendorf tubes with a metal dounce. Genomic DNAs were extracted from the powdered tissue in 600 mL of 2 × CTAB buffer (Doyle & Doyle 1987) with 0.4% (v/v) β -mercaptoethanol and incubated for 1 h at 65 ° C. After adding equal volumes of 24:1 chloroform:isoamyl alcohol, the tissue mixture was centrifuged at 17 968 g for 15 min at room temperature. The supernatant was transferred to an Eppendorf tube followed by addition of 1.2 mL of absolute ethanol. After overnight incubation at 4 ° C, DNA was recovered by centrifuging the mixture at 17 968 g for 15 min at 4 ° C. The brown to black DNA pellet was rinsed in 70% ethanol and centrifuged for 5 min at 9168 g . The DNA pellet was resuspended in 20 mL of TE.
The extracted genomic DNA was purified on a lowmelt agarose gel to remove secondary compounds and RNAs. The band on the gel containing the DNA of the correct size was cut out and transferred into an Eppendorf tube. Distilled water of equal volume was added to the gel block containing the purified DNAs. Prior to use of the DNAs for PCR, the gel was heated in a 65 ° C water bath for 3 mins.
Two primers, ITS2-3 (5 ′ -GCATCGATGAAGAACGTCGC-3 ′ ) and ITS2-4 (5 ′ -TCCTCCGCTTATTGATATGC-3 ′ ) (Baldwin 1992) , were used for amplifying and sequencing the ITS2 of nrDNA. PCR reactions were carried out using Taq polymerase (New England BioLab) and were optimized at annealing temperatures of 55 ° C. PCR products were polyacrylamide gel purified and sequenced by a dideoxymediated chain-termination method (Sanger et al . 1977) . The fmol TM DNA Sequencing System (Promega), which uses Taq polymerase, was used for sequencing. The detergent NP-40 was added to assist sequencing through G + C-rich regions and secondary structure (Wang et al . 1992) . Up to 24 samples were electrophoresed on each 6% acrylamide gel at 60 W. Both strands of DNA were sequenced with approximately 50 bp of overlap.
Data analysis
Sequence alignment. The boundary of ITS-2 was determined by comparing the aligned sequence with sequences of other mosses and liverworts registered in GenBank. Sequences were aligned by multiple alignments without weighting transversions or transitions using the clustal V program (Higgins et al . 1992 ) and later adjusted visually. The fixed gap penalty was 35 and the floating penalty was 4.
Phylogenetic analyses. The cladistic analysis of aligned sequences was performed by maximum parsimony using the program paup (version 3.1.1., Swofford 1993) and a neighbour-joining (NJ) method using mega (version 1.01, Kumar et al . 1993) . Parsimony analyses were conducted using branch-and-bound searches. Neighbour-joining analyses were conducted by calculating Kimura's (1980) 2-parameter distance. Phylogenetic relationships among the nucleotide sequences were also inferred from a minimum spanning network with the aid of the MINSPNET (Excoffier & Smouse 1994) .
Relative rate tests. The hypothesis of a molecular clock was tested by relative rate tests (Wu & Li 1985) . The data on number and ratio of transversions to transitions between taxa were obtained from mega . The difference of nucleotide substitution (K) between sequences, which is the number of transitional and transversional substitutions per site, was calculated using Hylocomiastrum pyrenaicum as the reference species. The null hypothesis of a molecular clock suggests that the number of nucleotide substitutions between two lineages would be the same. Based on the assumption of a normal distribution of nucleotide substitutions (Wu & Li 1985) , the hypothesis of molecular clock will be rejected with 95% significance when the difference of substitution rates between two lineages is greater than 1.96-times the standard error. (GGCG, (187) (188) (189) (190) 
Results
Nucleotide sequences and intraspecific divergence
Phylogenetic reconstruction
Thirteen equally parsimonious trees, rooted at Neodolichomitra yunnanensis and Hylocomiastrum pyrenaicum , with 119 steps, a confidence interval (CI) of 0.95 ( P ≤ 0.01; Klassen et al . 1991) , and a g1 statistic of -1.28 ( P ≤ 0.05; Hillis & Huelsenbeck 1992), were recovered by paup . The monophyly of H. splendens was significantly supported (Fig. 1A) by a bootstrap value of 91% (cf. Hillis & Bull 1993) . Two nodes were also significantly supported: the clade of all populations except that of Glacier National Park with 96% bootstrap value; and the clade of populations from Pennsylvania and Newfoundland with 100% bootstrap value. mega analysis identified identical topology to paup trees based on Kimura's 2-parameter genetic distances among populations (Table 2 ).
Although two subclades within H. splendens were identified, the cladogram did not reveal clear biogeographical patterns either between Appalachian populations or populations of Pacific Northwest (Fig. 1A) . For example, the population of Olympia National Park was more related to the clades of Great Lakes Forest and Appalachian (Suh et al . 1993) , or races of oca (Emshwiller & Doyle 1998) . The high intraspecific divergence may be associated with the long evolutionary history of H. splendens , which allows genetic variation to accumulate within lineages. However, we find little support for the hypothesis of sibling speciation. Populations from three regions in North America and an additional one in China (data not shown; cf. Chiang 1994) constitute a monophyletic group which is a single lineage.
The nucleotide sequences of the ITS2 region reveal genetic differentiation among populations of H. splendens in North America, with F ST ranging from 0.197 to 0.390 (Table 3) . Gene flow may be estimated from F ST ; Nm ranges from 0.39 to 1.02, suggesting that gene dispersal is somewhat limited by physical constraints. However, values of Nm calculated for F ST values should be interpreted with caution, because few plant populations conform to the implicit assumption of genetic equilibrium. Shared polymorphisms may be due to lineage sorting as well as gene flow. In a study of allozyme variation in H. splendens , Cronber et al . (1997) found low levels of genetic differentiation ( G ST = 0.073) and correspondingly high estimates of gene migration. The different estimates of population structure may be due to different geographical ranges in the two studies (Scandinavia vs. North America) or to a difference in the specific evolution of the markers (allozymes vs. noncoding spacer region).
Finally, we examine the rate of ITS2 sequence evolution in H. splendens. Relative rate tests (Wu & Li 1985) indicate that the ITS sequence is not consistent with the hypothesis of a molecular clock. Heterogeneity in the substitution rates of the ITS2 region was detected in the clade of Michigan, Pennsylvania, and Newfoundland and the population of North Carolina. The populations of northeast America evolved much faster than the populations of other regions, whereas the North Carolina population evolved significantly slower. The cause of this rate heterogeneity is not clear but could involve genetic drift, relaxation of natural selection, or some other factors.
H. splendens has the highest level of ITS2 variation found for any plant species to date. The levels of variation detected within the species are sufficient for phylogeographic studies, and suggest that mosses may be ideal candidates for studies that examine broad patterns of biogeographical differentiation. Baldwin BG (1992) (Hudson et al. 1992 ) using DnaSP (Rozas & Rozas 1997) 
